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Summary
The Cul4-Cdt2 (CRL4Cdt2) E3 ubiquitin ligase is a master regulator of cell cycle progression and
genome stability. Despite its central role in the degradation of many cell-cycle regulators, e.g.
Cdt1, p21 and Pr-Set7/Set8, little is known about the regulation of its activity. We report that Cdt2
is autoubiquitylated by the CRL4A E3 ubiquitin ligase. Cdt2 is additionally polyubiquitylated and
degraded by Cul1-FBXO11 (CRL1FBXO11). CRL1FBXO11-mediated degradation of Cdt2 stabilizes
p21 and Set8, and this is important during the response to TGF-beta, with the Set8 induction being
important for turning off the activation of Smad2. The migration of epithelial cells is also
stimulated by CRL1FBXO11-mediated downregulation of Cdt2 and the consequent stabilization of
Set8. This is a novel example of cross-regulation between specific cullin 4 and cullin 1 E3
ubiquitin ligases and highlights the role of ubiquitylation in regulating cellular responses to TGF-
beta and the migration of epithelial cells.
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Introduction
Cullin-RING ligases (CRLs) constitute the largest subclass of RING domain containing E3
ubiquitin ligases in mammals, controlling the steady state levels of many protein substrates
involved in various biological processes and diseases including cancer (Lipkowitz and
Weissman, 2011; Petroski and Deshaies, 2005). The SKP1-CUL1-F-box protein (CRL1 or
SCF) ligases work via at least 69 unique substrate receptors (F-box proteins) to regulate cell
cycle progression, DNA replication, gene transcription and apoptosis.
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The CRL4 ubiquitin ligases are also important for many physiological processes,
particularly those related to chromatin regulation and genomic stability (Jackson and Xiong,
2009). CRL4 ligases resemble CRL1 ligases: the scaffold protein Cul4 (Cul4A or Cul4B)
interacts at its C-terminal end with a small RING-finger protein (Rbx1/2) to recruit an E2
ubiquitin-conjugating enzyme. The N-terminus of CUL4A/B interacts with the adaptor
protein damaged DNA binding protein 1 (DDB1), which bridges to a substrate receptor,
DDB1 and CUL4 associated factor (DCAF). >90 DCAFs recruit various substrates for
ubiquitylation by the CRL4 ligases (Angers et al., 2006; He et al., 2006; Higa et al., 2006b;
Jin et al., 2006).
Cdt2 (Cdc10-dependent transcript 2; also known as DTL, DCAF2, L2DTL and RAMP) is a
DCAF for CRL4 to form CRL4Cdt2, a critical regulator of cell cycle progression and
genome stability (Abbas and Dutta, 2011). CRL4Cdt2 polyubiquitylates and targets for
degradation the replication initiation factor Cdt1 (Cdc10-dependent transcript 1) (Higa et al.,
2006a; Jin et al., 2006; Sansam et al., 2006; Senga et al., 2006). CRL4Cdt2 also targets for
degradation the CDK inhibitor p21 and the histone H4 lysine 20 (H4K20) methyltransferase
Pr-Set7/Set8. Degradation of these three substrates is important for cell cycle progression
and PCNA-dependent DNA repair, chromatin condensation and gene expression, and
prevention of aberrant DNA replication (Abbas and Dutta, 2011; Abbas et al., 2010; Abbas
et al., 2008; Centore et al., 2010; Jorgensen et al., 2011; Kim et al., 2008; Nishitani et al.,
2008; Oda et al., 2010; Tardat et al., 2010).
An unusual feature of the CRL4Cdt2 is that its activity requires the binding of many, but not
all, of its substrates to chromatin-bound PCNA through a conserved and specialized PCNA-
interacting peptide (PIP box), a condition only met during S-phase of the cell cycle and
during the cellular response to DNA damage (Abbas and Dutta, 2011). Unlike many
substrates of CRLs, no specific post-translational modifications, such as phosphorylation, is
reported to be essential for ubiquitylation of CRL4Cdt2 substrates. The mere overexpression
of Cdt2 in various human-derived cell lines is sufficient to decrease the stability of p21
(Abbas et al., 2008) and Set8 (this study). Cdt2 is elevated in liver, breast, gastric and colon
cancers, and its elevation is associated with advanced cancer, metastasis and poor patient
survival (Baraniskin et al., 2012; Li et al., 2009; Pan et al., 2006; Ueki et al., 2008). In
addition, the Cdt2 gene is amplified in a subset of Ewing sarcomas (Mackintosh et al.,
2012). Conversely, inhibition of CRL4Cdt2 is the major mechanism of action of a novel anti-
cancer drug MLN4924 (Lin et al., 2010; Soucy et al., 2009).
Little is known about the regulation of CRL4Cdt2 activity or the factors involved in its
assembly or disassembly. In this study, we investigated the role of ubiquitylation in
regulating the steady state level of Cdt2 and found that, like many other cullin-scaffold
substrate receptors, Cdt2 undergoes autoubiquitylation via the CRL4A ubiquitin ligase.
Additionally, Cdt2 is ubiquitylated by the CRL1FBXO11 ubiquitin ligase. FBXO11 is an F-
box protein substrate receptor for CRL1 that is a tumor suppressor with mutations in diffuse
large B cell lymphomas (DLBCLs) (Duan et al., 2012). We found that FBXO11
downregulates the oncoprotein Cdt2 to restrain CRL4Cdt2 activity on its substrates p21 and
Set8. The degradation of Cdt2, and the consequent stabilization of Set8 is important to
curtail the phospho-Smad2 response to TGF-beta and to promote cell migration. The effects
on cell migration may explain the developmental defects seen in mice with mutant FBXO11.
Results
Cul4A promotes the polyubiquitylation and degradation of Cdt2
Incubation of the human osteosarcoma U2OS cells with the proteasome inhibitor MG132
resulted in the accumulation of polyubiquitylated Cdt2 (Figure 1A), suggesting that Cdt2 is
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degraded via the 26S proteasome. MLN4924, a potent inhibitor of the NEDD8-activating
enzyme (NAE) that inhibits the cullins by preventing their neddylation (Pan et al., 2004;
Podust et al., 2000; Read et al., 2000; Soucy et al., 2009), decreased the basal level of
polyubiquitylated Cdt2 as well as the level of polyubiquitylated Cdt2 in cells treated with
MG132 (Figure 1A). Therefore, Cdt2 may be polyubiquitylated through a cullin-dependent
mechanism. Given that several substrate receptors of the cullin ubiquitin ligases undergo
autoubiquitylation and degradation (Deshaies, 1999), we tested whether Cdt2 is similarly
regulated by autoubiquitylation. U2OS cells stably expressing flag-tagged Cdt2 were used to
eliminate secondary effects on Cdt2 protein due to transcriptional regulation of the Cdt2
promoter. Depletion of Cul4A by siRNA increased the flag-Cdt2 protein (Figure 1B).
Interestingly, depletion of Cul4B alone or DDB1 decreased Cdt2 protein (Figure 1B and
data not shown). Thus, Cul4B and DDB1 may both stabilize Cdt2 perhaps through
interaction with Cdt2, while Cul4A may promote the degradation of Cdt2. Intriguingly,
depletion of Cullin 1 (Cul1), but not cullin 3, 5 or cullin 7, also increased the Cdt2 protein
(Figure 1B and data not shown).
To test whether Cul4A regulates the stability of endogenous Cdt2, we measured the half-life
(t1/2) of Cdt2 following inhibition of new protein synthesis by cyclohexamide (CHX). Cdt2
has a t1/2 of 1.5–2 hr, while depletion of Cul4A increased its half-life to >3 hr (Figure 1C,
D).
PCNA is critical for the activity of CRL4Cdt2 on several substrates (Abbas and Dutta, 2011).
However, depletion of PCNA did not increase the level of Cdt2 and surprisingly,
destabilized Cdt2 protein (Figure 1E). The decrease of Cdt2 is an indirect effect of PCNA
depletion, because the cells stall in S/G2 phase of the cell cycle, in which phase the Cul1-
dependent ubiquitin ligase is more active at degrading Cdt2 (data not shown). Therefore, the
polyubiquitylation of Cdt2 by Cul4A does not require PCNA.
We next tested whether Cul4A polyubiquitylates Cdt2 in vitro. Transient overexpression of
flag-Cdt2, myc-Cul4A, myc-DDB1 and flag-Rbx1 in 293T cells allowed us to
immunoprecipitate the CRL4Cdt2 E3 ligase complex with anti-myc antibodies. The addition
of E2, ubiquitin and ATP resulted in the polyubiquitylation of Cdt2 in the Cul4A and DDB1
immunocomplexes (Figure 1F). On the other hand, we did not detect significant Cdt2
polyubiquitylation when Cul4B was substituted for Cul4A (Figure 1F). To confirm that the
polyubiquitylation was not due to the activity of other E3 ubiquitin ligases contaminating the
Cul4A/DDB1 immunoprecipitates, we repeated the experiment with E3 ligase from anti-
flag-Cdt2 immunoprecipitates. Wt-Cdt2 coimmunoprecipitated endogenous DDB1 and was
significantly autoubiquitylated in vitro (Figure 1G). In contrast, Cdt2R246A, a mutant that
does not bind to DDB1 and thus to Cul4 (Jin et al., 2006), was not polyubiquitylated (Figure
1G). Furthermore, si-RNA-mediated depletion of Cul4A reduced K-48 linked
polyubiquitylation of Cdt2 in vivo (Figure 3E). Collectively, these results demonstrate that
Cdt2 is autoubiquitylated and degraded via CRL4A ubiquitin ligase in a PCNA-independent
reaction.
si-RNA screen identifies FBXO11 as a major regulator of Cdt2 stability
We next investigated how Cul1 regulates Cdt2 abundance (Figure 1B). Depletion of Cul1
increased the t1/2 of flag-Cdt2 (Figure 2A, B). The modest increase in the t1/2 may be
explained if Cul1 associated with different F-box proteins with opposing effects on the
stability of Cdt2. Therefore, we decided to identify the F-box protein that directly
destabilizes Cdt2 by an siRNA screen of the various F-box proteins. Consistent with the
notion that some CRL1 complexes may indirectly increase Cdt2, depletion of several F-box
proteins, such as FBXW1, FBXO28 or FBXO32, decreased Cdt2 (Figure S1). On the other
hand, depletion of Skp2 (FBXL1), FBXL19 or FBXO11 increased the level of Cdt2 (Figure
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S1). Further experiments in HeLa and U2OS cells however, demonstrated that only the
depletion of FBXO11 by multiple siRNA oligonucleotides reproducibly increased
endogenous Cdt2 (Figure 2C, and data not shown) or ectopic Cdt2 proteins (Figure 4D,
lanes 1–4).
Western blotting with anti-FBXO11 antibody detected two protein bands of FBXO11, −1
and −4, both of which are reduced by siRNA against FBXO11 (si-FBXO11-A; Figure 2C,
D). The apparent molecular weights of these two bands correspond to two splice isoforms
(ACCESSION #: NP_079409 and NP_001177203). Stable expression of the smaller
isoform, FBXO11-1, resistant to si-FBXO11-A but not si-FBXO11-B, prevented the
increase of Cdt2 in U2OS transfected with si-FBXO11-A, but not si-FBXO11-B (Figure
2D). Thus, the increase of Cdt2 by si-FBXO11 was not due to off-target effect of the si-
RNA. The depletion of FBXO11 significantly increased the t1/2 of Cdt2 protein to >5 hr
(Figure 1C, D). The depletion of FBXO11 stabilized Cdt2 much more than the depletion of
Cul4A, and the co-knockdown of both proteins completely stabilized the Cdt2 protein
(Figure 1C, D). Therefore, Cul4A and Cul1-FBXO11 independently destabilize Cdt2 with
the FBXO11 pathway playing a more pronounced role.
We next tested whether FBXO11 was rate-limiting in cells for the degradation of Cdt2.
Ectopic expression of wt-FBXO11 decreased the amount of co-expressed Cdt2 protein
(Figure 2E). This was not seen with FBXO11without the F-box motif (FBXO11-1ΔFbx)
demonstrating that FBXO11 has to interact with the SKP1-CRL1 ligase to destabilize Cdt2.
FBXO11-1 also reduced the amount of Cdt2R246A (Figure 2F), showing that Cdt2 does not
have to associate with the rest of the CRL4 ubiquitin ligase for it to be targeted by
CRL1FBXO11, a difference from the targeting of Cdt2 by Cul4 (see Figure 1G). Finally,
FBXO11 had no effect on DDB2 protein, another CRL4 substrate receptor, demonstrating
its specificity in targeting Cdt2 (Figure 2F).
Cdt2 interacts with FBXO11 and is polyubiquitylated via CRL1FBXO11
To test whether Cdt2 is directly polyubiquitylated by CRL1FBXO11, we first tested whether
Cdt2 interacts with FBXO11. Ectopic myc-FBXO11-1 coimmunoprecipitated with flag-
Cdt2 in 293T cells treated with the proteasome inhibitor MG132 (Figure 3A). In addition,
endogenous FBXO11-4 protein, and to a lesser extent the less detectable endogenous
FBXO11-1 isoform, were detected in the immunoprecipitates of endogenous Cdt2 from
MG132-treated 293T cells (Figure 3B). Reciprocally, endogenous Cdt2 and DDB1 are seen
in the anti-FBXO11 immunoprecipitates in lysates from control (si-GL2 transfected),
MG132-treated U2OS, but not after si-FBXO11 (Figure 3C).
We tested whether FBXO11 polyubiquitylates Cdt2 in vivo. Ectopic expression of wt-
FBXO11-1 and flag-Cdt2 increased polyubiquitylated Cdt2 (Figure 3D). This was not seen
with FBXO11-1ΔFbx, and thus is dependent on functional CRL1FBXO11. On the other hand,
the C-terminal UBR domain of FBXO11, a domain essential for recognition of “N-degrons”
(Tasaki et al., 2005), was dispensable for Cdt2 polyubiquitylation (Figure 3D). Furthermore,
depletion of FBXO11, similar to the depletion of Cul4A, decreased K-48 linked
polyubiquitylation of Cdt2, demonstrating that endogenous FBXO11 and Cul4A
independently promote the polyubiquitylation of Cdt2 (Figure 3E). Finally, incubation of
immunopurified Cdt2 with immunopurified CRL1FBXO11-1 complex from 293T cells
promoted Cdt2 polyubiquitylation in vitro upon the addition of E2, ubiquitin, and ATP
(Figure 3F, lane 4; also lane 6, which will be explained later). Therefore, CRL1FBXO11
interacts with and directly polyubiquitylates Cdt2.
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FBXO11 interacts with Cdt2 through a conserved region located in a central fragment of
Cdt2
Next, we mapped the region of Cdt2 required for its degradation via CRL1FBXO11. Ectopic
expression of FBXO11-1 decreased full-length wt-Cdt2 (730 amino-acids; FL), as well as
Cdt2 proteins with C-terminal deletions up to (Cdt2-1-475) (Figure 4A, B). On the other
hand, Cdt2-1-450 or larger C-terminal deletion mutants were resistant to FBXO11-1-
mediated destabilization (Figure 4B). Therefore, amino acids 450–475 of Cdt2 are required
for FBXO11-mediated degradation.
Cdt2 is evolutionarily conserved in the N-terminally located WD40 repeats necessary for
interaction with DDB1 (Figure 4A, and data not shown). Alignment of amino acids 450–
475, however, demonstrates additional conservation of several amino acids in the 456–464
segment in various species (Figure 4C). Mutation of the conserved S462 to alanine revealed
that S462 is important for FBXO11-mediated degradation. Unlike wt-Cdt2, Cdt2S462A was
not increased by the depletion of cellular FBXO11 (Figure 4D, lanes 5–7). Additionally,
unlike wt-Cdt2, Cdt2S462A fails to associate with endogenous FBXO11 (Figure 4E) and is
not polyubiquitylated by CRL1FBXO11 in vitro (Figure 3F, lane 8). This proves that S462 is
part of the degron on Cdt2 that is recognized by FBXO11.
The conserved D457 of Cdt2 is also important for the degradation of Cdt2 by FBXO11 in
vivo, in that the level of Cdt2D457A was not increased when FBXO11 was knocked down
(Figure 4D, lanes 8–10). Surprisingly however, Cdt2D457A associated with FBXO11 (Figure
4E) and was polyubiquitylated by CRL1FBXO11 in vitro (Figure 3F, lane 6). Thus, D457 of
Cdt2, through a yet to be identified mechanism, is essential for FBXO11-mediated
ubiquitylation and degradation in vivo without affecting interaction with CRL1FBXO11.
FBXO11 degrades Cdt2 to stabilize the CRL4Cdt2 substrates p21 and Set8
CRL4Cdt2 regulates the steady-state levels of p21, Set8 and Cdt1, both during the normal
cell cycle and following DNA damage (Abbas and Dutta, 2011). We first determined that
the depletion of mammalian cells of FBXO11 does not alter cell cycle distribution, nor
affects their proliferation rate (Figure S2), suggesting that FBXO11 is dispensable for cell
proliferation. Under rapid proliferative conditions in high serum (Figure 5A, C), the
CRL4Cdt2 substrate p21 was destabilized upon FBXO11 depletion and attendant Cdt2
increase. In contrast, Cdt1 and Set8 were not destabilized by the depletion of FBXO11.
Reducing cell proliferation by decreasing the serum concentration (Figure 5D) destabilized
both p21 and Set8 upon FBXO11 depletion. The change in behavior of Set8 is because of
the faster turnover of the protein in high serum concentration (see Discussion). The decrease
in the t1/2 of p21 and Set8 under low serum concentration was also observed in two other
cancer epithelial cell lines; A549 (Figure S3A) and HaCat cells (Figure S3B). The DNA
replication factor, Cdt1 was unaffected by FBXO11 depletion (and Cdt2 increase) in
undamaged cells, but this was expected because Cdt1 is degraded by CRL1Skp2 in the
normal S phase (Nishitani et al., 2006; Senga et al., 2006) so that Cdt2 is not rate-limiting
for Cdt1 turnover. In summary, FBXO11 is important for limiting the degradation of p21
and Set8, but not Cdt1, in undamaged cells.
We next turned to the degradation of CRL4Cdt2 substrates following UV-induced DNA
damage in U2OS cells growing in high serum (Figure 5B, E). Now Cdt1 is slightly
destabilized and p21 significantly destabilized upon FBXO11 depletion. Again, Set8 has a
rapid turnover upon UV irradiation in high serum and so Cdt2 is not rate-limiting for its
half-life.
Because FBXO11 promotes the degradation of other proteins in addition to Cdt2, we
analyzed whether these effects of FBXO11-depletion resulted from the specific stabilization
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of Cdt2. U2OS cells were made to stably express wt-Cdt2 or Cdt2 mutant proteins resistant
to FBXO11 (Cdt2D457A and Cdt2S462A). After a few passages in culture, these cells
proliferated with similar kinetics as parental U2OS cells or cells expressing wt-Cdt2 (data
not shown). Cdt2D457A or Cdt2S462A decreased the t1/2 of p21 and Set8 proteins compared
to wt-Cdt2 (Figure 5F, G). These findings demonstrate that the destabilization of p21 and
Set8 in cells depleted of FBXO11 is due to increase of Cdt2 and not any other target of
FBXO11.
FBXO11 degrades Cdt2 to upregulate Set8 and to limit the phospho-Smad2 in response to
TGF-beta
FBXO11 has been suggested to function as a regulator of the cell’s response to TGF-beta
and mice with inactivated FBXO11 exhibited significant phospho-Smad2 (P-Smad2) signal
and P-Smad2 nuclear staining in the epithelial cells of palatal shelves, eyelids and airways of
the lung, potentially leading to the developmental defects of these tissues (Tateossian et al.,
2009). Thus, we hypothesized that the degradation of Cdt2 by FBXO11 is important for the
normal response of a cell to TGF-beta. For these experiments we used A549 lung carcinoma
cells known to respond well to TGF-beta. In control (si-GL2) A549 cells (Figure 6A, left
panel), the TGF-beta-induced P-Smad2 (Ser465/467) was seen for 2–20 hrs but
subsequently declined to basal levels. Cdt2 protein was transiently induced at 4–8 hrs, but
declined at 10 hr, and this decline was accompanied by elevation of CRL4Cdt2 substrates
Set8 and p21 at 12–20 hr (Figure 6A, left panel). Although Cdt2 mRNA was reduced at
these later time points (Figure S4A), depletion of FBXO11 resulted in the persistence of
Cdt2 protein up to 48 hr post TGF-beta treatment (Figure 6A, right). This persistence of
Cdt2 in FBXO11-depleted A549 cells was accompanied by low levels of Set8 and p21 at all
times, but particularly in the 12–20 hr window (Figure 6A).
As an aside, the induction of endogenous Cdt2 at the early times after TGF-beta induction
(Figure 6A, left) is a post-transcriptional effect of TGF-beta on the 3′UTR of Cdt2 and is
unrelated to FBXO11. This conclusion is based on the observations that: a) the initial
induction of endogenous Cdt2 was still observed in cells depleted of FBXO11 (Figure 6A,
right), b) exogenous Cdt2 protein, transcribed from a heterologous promoter and without the
natural 3′UTR, is not induced by TGF-beta (Figure 6D–G), and c) there was no induction of
endogenous Cdt2 mRNA by TGF-beta (Figure S4A).
To test whether FBXO11-mediated degradation of Cdt2 alone was sufficient for the
induction of Set8 seen at 12–20 hr after TGF-beta, we repeated the TGF-beta treatment in
control A549 (pMSCV) or in cells expressing wt-Cdt2 or FBXO11-resistant mutants of Cdt2
(Figure 6B–E). The expression of Cdt2 or mutant Cdt2 protein did not impact cell
proliferation (Figure S4D). Consistent with the previous results, endogenous Cdt2 in control
A549 cells (pMSCV) declined between 12 and 40 hr following TGF-beta treatment (Figure
6B). Ectopically expressed wt-Cdt2 persisted a little longer than endogenous Cdt2 protein
but nonetheless declined over 24–40hr (Figure 6C). In contrast, both the FBXO11-resistant
forms of Cdt2 remained constant through the entire 40 hrs after TGF-beta treatment,
confirming that FBXO11 is responsible for the decline of Cdt2 in the late stages after TGF-
beta treatment (Figure 6D, E). Consistent with the hypothesis that Cdt2 decline is important
for elevating Set8 in the 12–20 hr window, the FBXO11-resistant forms of Cdt2 prevented
the induction of Set8 during that window (Figure 6D, E, S4E). Thus, the decrease of
endogenous Cdt2 at 12–20 hr is critical for the elevation of Set8 and this is mediated by
CRL1FBXO11.
Signal transduction downstream from the TGF-beta receptor is mediated by phosphorylation
of Smad2. Normally, the phosphorylation of Smad2 declines at 14–20 hr after TGF-beta
treatment and does not reappear. Upon FBXO11 depletion, P-Smad2 is induced at the same
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early time point (2 hrs) following TGF-beta, but remains high at 14 – 48 hr post TGF-beta
treatment (Figure 6A, right; lighter exposure shown to demonstrate the additional increase at
14–48 hr). This was accompanied by earlier and higher induction of N-cadherin, (Figure 6A,
right). We hypothesized that in the absence of FBXO11-mediated destabilization of Cdt2,
Set8 is not induced during the 12–20 hr window and this is responsible for the increase of P-
Smad2 and N-cadherin. To test this, we depleted Set8 by siRNA and monitored the level of
P-Smad2 early (2 hrs) and late (24 and 48 hrs) after TGF-beta treatment. Set8 depletion
alone significantly increased the P-Smad2 levels even at 24–48 hr post-TGF-beta treatment
(Figure S4B). Set8 depletion also induced N-cadherin (Figure S4C), suggesting that Set8
represses N-cadherin. These results indicate that FBXO11 degrades Cdt2 to induce Set8 at
12–20 hr post TGF-beta treatment, and the induction of Set8 during this critical period
decreases both P-Smad2 and N-cadherin at 24–48 hr.
FBXO11 promotes cellular migration by downregulating Cdt2 and thus upregulating Set8
The histone monomethyl transferase Set8 has been implicated in regulating cell migration
(Moustakas and Heldin, 2012; Yang et al., 2012). We thus investigated whether the
migration of A549 cells, in standard wound-healing assays, is dependent on FBXO11-
mediated decrease of Cdt2 and consequent increase of Set8. Depletion of FBXO11 reduced
the migration of A549 cells (Figure 7A–C). FBXO11 was required for migration, both in
TGF-beta-treated and untreated cells (Figure 7B). The migration defect of the FBXO11-
depleted cells was more marked when serum was depleted (Figure 7C), a condition in which
the lack of FBXO11 accelerated the turnover of Set8 (Figure 5D and Figure S3). Similarly,
the stable expression of Cdt2D457A or Cdt2S462A, unlike wt-Cdt2, retarded the migration of
A549 cells and this was similarly, more pronounced upon serum-depletion (Figure 7D). The
FBXO11-resistant Cdt2 proteins also inhibited the migration of the human keratinocytes
HaCat cells (Figure S5).
Finally, we tested whether the migration defect in cells with inactivated FBXO11-Cdt2
degradation pathway was due to excessive degradation of Set8. Over-expression of wt-Set8,
but not catalytically inactive mutant Set8 (Set8R265G/D338A), reversed the migration
inhibition caused by FBXO11-resistant Cdt2 (Figure 7E, F). Thus, FBXO11-mediated
degradation of Cdt2 is critical for providing sufficient levels of catalytically active Set8 to
promote cellular migration.
Discussion
Two ubiquitin ligases control the steady state levels of Cdt2
We identified two distinct pathways regulating the steady-state level of the CRL4 substrate
receptor Cdt2 via ubiquitin-dependent degradation. Cdt2 undergoes autoubiquitylation via
its association with Cul4A. Autoubiquitylation of substrate adaptors is seen with another
substrate receptor of CRL4, DDB2 (Chen et al., 2001; Nag et al., 2001), and with substrate
receptors of other cullins (Deshaies, 1999). As with DDB2, the autoubiquitylation of Cdt2 is
mediated by Cul4A, but not Cul4B. In contrast, Cul4B and DDB1 are required for the
stability of Cdt2, although it remains unclear how they stabilize Cdt2. Although further
investigation is necessary to establish the basis of the functional difference between the two
Cul4s, significant phenotypic differences have been described in mice null for Cul4A or
Cul4B (Kopanja et al., 2011; Liu et al., 2012), consistent with the two proteins having
different substrate specificities. We speculate that the ability of Cul4A to autoubiquitylate
Cdt2 is critical for limiting the activity of CRL4Cdt2 following the degradation of its
substrates.
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The second pathway is the ubiquitin-dependent degradation of Cdt2 via CRL1FBXO11,
providing an interesting example of cross regulation between the Cul4 and Cul1 ubiquitin
ligases. To our knowledge, this represents the first report of a Cul4 substrate receptor
regulation, and hence Cul4-specific ubiquitin ligase activity, by Cul1 ubiquitin ligases. This
additional pathway for regulating the level of Cdt2 is independent of Cul4A and appears to
be the dominant pathway for mediating the turnover of Cdt2.
FBXO11 interacts with Cdt2 via a conserved 9 amino-acid peptide located in a central
fragment of Cdt2 (amino acids 456–464) and promotes the polyubiquitylation and
degradation of Cdt2 in proliferating cells. We do not know whether this peptide can act as an
independent “degron” when attached to heterologous proteins, but FBXO11 requires Ser462
in this peptide for interaction with Cdt2. Asp457 of Cdt2 on the other hand, is not required
for FBXO11-Cdt2 interaction in vivo or for Cdt2 polyubiquitylation by CRL1FBXO11 in
vitro. Therefore, the D457A mutation of Cdt2 affects degradation by CRL1FBXO11 by an
unknown mechanism. We do not think that the failure to degrade Cdt2 D457A can be
explained by a failure of the mutant to bind to chromatin because Cdt2D457A continues to
degrade its own chromatin-associated substrates in vivo (p21, Set8). Most F-box-containing
substrate receptors of CRL1 directly recognize and bind to one or more phosphorylations on
the target substrate (Lipkowitz and Weissman, 2011). Mass-spectrometry analysis of wt-
Cdt2 immunoprecipitated from asynchronously growing 293T cells did not detect
phosphorylation on Ser462, although multiple serine and threonine residues located in the C-
terminal half of the protein were phosphorylated (data not shown). However,
pharmacological inhibitors against the kinases predicted to phosphorylate the mapped sites
did not impact Cdt2 degradation by FBXO11 (data not shown). Thus, we suggest that Cdt2
does not require phosphorylation at the site recognized by the FBXO11. We cannot, of
course, rule out a role of phosphorylation in the degradation without mutating all
phosphorylation sites of Cdt2.
Importance of FBXO11-mediated restraint of CRL4Cdt2 in proliferating cells
In normal growth medium, the depletion of FBXO11 from asynchronously growing cells
results in the accumulation of Cdt2 and reduction of CRL4Cdt2 substrate p21, but not of Set8
or Cdt1. The turnover of Set8 is significantly increased in cells depleted of FBXO11, but
only if the culture medium contains low serum concentration. We propose that high serum
activates other E3 ligases for degrading Set8, so that Cdt2 is not rate-limiting for the t1/2 of
Set8. Indeed the t1/2 of Set8 in high serum (40 min) is less than in low serum (110 min)
(Figure 5). The APCCdh1 and SCFSkp2 E3 ubiquitin ligases polyubiquitylate and promote the
degradation of Set8 (Oda et al., 2010; Wu et al., 2010), and since both are cell cycle
regulated, we suspect that they are more active in high serum concentration in the growth
medium.
FBXO11 is necessary for the downregulation of Cdt2 to decrease the response to TGF-
beta and for Set8-dependent cellular migration
FBXO11 regulates of the cell’s response to TGF-beta, but the mechanism by which it does
so remained to be identified (Tateossian et al., 2009). In this study, we show that FBXO11 is
essential to degrade the Cdt2 that is initially induced when TGF-beta is added, and thus
stabilizes CRL4Cdt2 substrates p21 and Set8 during a critical window of 12–20 hr after TGF
beta addition. FBXO11 is required for limiting Smad2 phosphorylation and N-cadherin
induction at 24–48 hr after TGF-beta addition. The increased P-Smad2 signaling and N-
cadherin in FBXO11-depleted cells is a consequence of failure to induce Set8 during the 12–
20 hr window because siRNA-mediated depletion of Set8 had similar effects on
phosphorylation of Smad2 and induction of N-cadherin. Our results are consistent with the
reported enhanced P-Smad2 signaling in mice with inactivated FBXO11 (Tateossian et al.,
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2009). Our results also demonstrate a critical role for the FBXO11-mediated degradation of
Cdt2 in cellular migration through the stabilization of catalytically active Set8 because
overexpression of Set8 rescued the migration deficits produced by constitutively stable
Cdt2. Thus, our studies establish a critical role for Set8 in cellular migration and
demonstrate that FBXO11 ensures the existence of sufficient pools of Set8 to promote
migration.
How Set8 decreases P-Smad2 or N-cadherin and promotes cellular migration remains to be
investigated. We speculate that changes in gene expression from altered methylation of
histone H4, or altered methylation of as yet unknown substrates of Set8, are involved. By
identifying Cdt2 and Set8 as missing links in the chain from FBXO11 to both TGF-beta
response and cell migration, our finding provides a mechanistic understanding of the factors
underlying the developmental defects observed in mice with homozygous mutations of the
FBXO11 gene. These mice have cleft-palate and eyes open at birth, developmental defects
that often result from defects in cell migration (Hardisty-Hughes et al., 2006).
Finally, FBXO11 has recently been found to be a haplo-insufficient tumor-suppressor gene
mutated or deleted in a subset of human diffuse large B-cell lymphomas (DLBCL) through
its ability to promote the degradation of the tumor oncoprotein BCL6 (Duan et al., 2012).
On the other hand, Cdt2 is overexpressed in human breast, liver and gastric cancers and is
amplified in Ewing sarcomas, suggesting that Cdt2 may exhibit oncogenic activity (Abbas
and Dutta, 2011). Thus, it will be interesting to see whether stabilization of the Cdt2
oncoprotein and decrease of Cdt2 substrates like p21 and Set8 contribute to the development
of DLBCLs upon FBXO11 inactivation.
EXPERIMENTAL PROCEDURES
Cell Culture, Antibodies, and Reagents
U2OS, HeLa, 293T and A549 cells were obtained from ATCC and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and antibiotics.
HaCat cells (from Michele Pagano, NYU) were propagated similarly. Antibodies were
purchased: anti-p21 (C-19), -PCNA (PC10), -MCM2, -N-cadherin, -Hemaglutinin (HA), -
actin and -tubulin (Santa Cruz Biotechnology); anti-FBXO11 (Bethyl Laboratories); anti-
Set8 and -phospho-Smad2 (Ser465/467) (Cell Signaling); anti-DDB1 (Invitrogen; Carlsbad,
CA). The anti-Cdt2 antibody was described before (Abbas et al., 2008). Cells were lysed in
Triton X-100 lysis buffer (50 mM Tris at pH 7.5, 250 mM NaCl, 0.1% Triton X-100, 1 mM
EDTA, 50 mM NaF and protease inhibitor cocktail (Sigma)). Additional experimental
procedures are available in the supplemental materials and methods.
In vivo and in vitro polyubiquitylation of Cdt2
For the in vivo ubiquitin labeling of Cdt2 (Figure 3D), 293T cells were transiently
transfected with HA-ubiquitin and Flag-Cdt2 ± myc-tagged FBXO11 proteins or flag-tagged
F-box proteins as indicated. Cells were treated with MG132 (20 μg/mL) for two hr prior to
harvesting under denaturing conditions as described previously (Abbas et al., 2008).
Immunoprecipitated ubiquitylated proteins (anti-HA) were fractionated on SDS-PAGE,
transferred, and immunoblotted with anti-Cdt2 antibody. A similar approach was used in
Figure 3E to detect ubiquitylated endogenous Cdt2 (without overexpression of ubiquitin)
except cells were transfected with si-GL2, si-FBXO11 or si-Cul4A and the membranes
blotted with anti-ubiquitin lys 48-specific antibody (Cell Signaling). The in vitro ubiquitin
labeling of Cdt2 was done as described (Abbas et al., 2008), except overexpressed and
immunoprecipitated Cdt2 protein was used as substrate and overexpressed and
immunoprecipitated FBXO11 (along with Cul1, Skp1 and Rbx1) as enzyme in the reaction
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(Figure 3F). For in vitro autoubiquitylation of Cdt2, overexpressed and immunoprecipitated
(anti-myc) CRL4Cdt2 (Myc-Cul4A (or Cul4B), Myc-DDB1, Flag-Cdt2 and Flag-Rbx1) was
used without addition of substrate (Figure 1F). We also used overexpressed and
immunoprecipitated (anti-flag) Flag-Cdt2 or Flag-Cdt2R246A without overexpression of any
other component of the CRL4Cdt2 complex (Figure 1G).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
• Cullin 4A promotes the autoubiquitylation of Cdt2, a substrate adaptor of
CRL4Cdt2.
• CRL1FBXO11 also ubiquitylates and promotes the degradation of Cdt2.
• FBXO11 degrades Cdt2 to stabilize Set8 and regulate the response to TGF-beta.
• FBXO11 is similarly required to stabilize Set8 and promote cell migration.
Abbas et al. Page 13
Mol Cell. Author manuscript; available in PMC 2014 March 28.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 1. CRL4A promotes the autoubiquitylation and degradation of Cdt2
(A) Cdt2 is polyubiquitylated in vivo by cullin-dependent mechanism. Western blot of
immunoprecipitated Cdt2 (IP: Flag). Both basal and MG132-stimulated polyubiquitylation
of Cdt2 are repressed by MLN4924.
(B) Cul4A and Cul1 decrease the steady-state levels of Cdt2. Western blot of ectopic Cdt2
in U2OS depleted of the indicated cullins by si-RNA. Loading control: tubulin.
(C, D) Cul4A and FBXO11 destabilize Cdt2 protein (Also see Figure 2).
(C) Western blot of Cdt2 and FBXO11 in U2OS cells transfected with si-GL2 (luciferase
gene, control) si-Cul4A or si-FBXO11-A as indicated. Cells harvested at indicated times
following inhibition of new protein synthesis by cyclohexamide (CHX). Loading control: β-
actin.
(D) Quantitation of Cdt2 from (C) normalized to the loading control and expressed relative
to the 0 hr time point.
(E) PCNA is not required for the degradation of Cdt2. Top: Immunoblots of U2OS cells
transfected with si-GL2 or si-PCNA and harvested at the indicated times following CHX.
Bottom: Plot showing the quantitation of Cdt2 protein normalized to β-actin. Rest as in C
and D.
(F, G) CRL4A, but not CRL4B promotes the autoubiquitylation of Cdt2 in vitro.
(F) Immunoblot of Cdt2 following incubation in vitro of immunopurified CRL4ACdt2 or
CRL4BCdt2 from 293T cells with ATP and ubiquitin ± E2 ubiquitin-conjugating enzyme.
(G) Similar to (F) except Flag-Cdt2 or -Cdt2R246A was immunopurified with anti-Flag from
293T cells before incubation for in vitro ubiquitylation. Immunoblot of Cdt2 (bottom) and
co-precipitated endogenous DDB1 (top).
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Figure 2. Cul1 and FBXO11 regulate the steady-state level of Cdt2
(A) Immunoblot of ectopic Flag-Cdt2 from U2OS cells transfected with control si-GL2 or
si-Cul1. Cells harvested at the indicated times following cycloheximide (CHX). Asterisk
represents a cross-reactive band in the anti-Flag immunoblot. β-actin: loading control.
(B) Quantitation of the Cdt2 protein from (A) normalized to β-actin and expressed relative
to the 0 hr time point.
(C) FBXO11 decreases the steady-state levels of Cdt2 (see also Figure 1C, D, and Figure
S1). Immunoblot of Cdt2 and FBXO11 following transfection of two si-RNAs targeting
distinct regions of the FBXO11 (si-FBXO11-A and si-FBXO11-B). Two isoforms of
FBXO11 are detected (FBXO11-4 and FBXO11-1), with a cross-reactive band indicated by
an asterisk. β-actin: loading control.
(D) Rescue of Cdt2 degradation by si-RNA resistant, ectopic FBXO11. Control U2OS
(pMSCV) or U2OS stably expressing Flag-FBXO11-1 mutated at the target site of si-
FBXO11-A, but not of si-FBXO11-B. Cells were transfected with indicated si-RNAs.
Immunoblot of Flag-FBXO11-1 shows its sensitivity to si-FBXO11-B, but not si-FBXO11-
A. The anti-Cdt2 blot shows restoration of Cdt2 degradation by Flag- FBXO11-1 in cells
transfected with si-FBXO11-A but not si-FBXO11-B. Cross-reactive bands in the anti-Cdt2
blot (LC; loading control) and in the anti-FBXO11 blot (indicated with an asterisk) serve as
loading controls.
(E)FBXO11 requires the F-box motif to destabilize Cdt2. Immunoblot of Flag-Cdt2 in 293T
cells transiently transfected with the indicated plasmids. Cells were cotransfected with a
plasmid expressing GFP to control for transfection efficiency.
(F) FBXO11 specifically destabilizes Cdt2 even when it is not associated with the rest of the
CRL4 complex. Similar to (E): immunoblot of flag-wt-Cdt2, flag-Cdt2R246A and flag-
DDB2, another CRL4 substrate receptor, in the absence or presence of co-transfected myc-
FBXO11-1.
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Figure 3. Cdt2 is a direct polyubiquitylation substrate of the CRL1FBXO11 E3 ligase
(A) Immunoblot of Flag-FBXO11-1 co-immunoprecipitated with exogenous Cdt2 by anti-
Cdt2 antibody from 293T cells transfected with plasmids expressing the indicated proteins.
Cells were treated with MG132 for 3 hr prior to lysis.
(B) Similar to (A), except the interaction is observed with endogenous proteins. Both
isoforms of FBXO11 (FBXO11-4 (upper) and FBXO11-1 (lower)) are detected in the anti-
Cdt2 immunoprecipitates. Asterisk indicates a cross-reactive band in the anti-FBXO11
immunoblot. Two exposures are shown of the FBXO11 blot for clarity.
(C) Western blot showing that Cdt2 is detected in the anti-FBXO11 immunoprecipitates in
control U2OS cells (si-GL2), but not in cells depleted of FBXO11 by si-FBXO11-A. DDB1,
another component of the CRL4Cdt2 ubiquitin ligase, also co-immunoprecipitates with anti-
FBXO11 in control cells, but not in cells depleted of FBXO11.
(D) FBXO11 promotes Cdt2 polyubiquitylation in vivo. Western blot analysis of
polyubiquitylated Cdt2 (anti-Cdt2) in immunoprecipitated ubiquitylated proteins (anti-HA)
from lysates of 293T cells transfected with the indicated F-box proteins, Flag-Cdt2 and HA-
ubiquitin (see experimental procedure for details). Immunoblot of lysates with anti-Flag
detects the expression of Flag-Cdt2, Flag-FBXL4 and Flag-Skp2 in the input.
(E) Depletion of 293T cells of FBXO11 or Cul4A decreases K-48-linked polyubiquitylation
of Cdt2. 293T cells were transfected with flag-Cdt2 plasmid and subsequently transfected
with the indicated si-RNA and treated with MG132 for 3 hr before lysis. Western blotting of
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anti-Flag-Cdt2 immunoprecipitates with anti-K48-linkage-specific-polyubiquitin antibody
shows that both Cul4A and FBXO11 are required for maximal Cdt2 polyubiquitylation in
vivo. Quantitation of polyubiquitylated Cdt2 relative to nonubiquitylated Cdt2 is shown
below each lane.
(F) CRL1FBXO11 promotes the polyubiquitylation of Cdt2 in vitro. Immunoblot of Cdt2
immunoprecipitated from 293T cells transiently transfected with wt-Cdt2, Cdt2D457A or
Cdt2S462A and incubated in an in vitro ubiquitylation reaction with separately
immunopurified CRL1FBXO11-1 E3 ligase complex (prepared as described in Methods).
Incubation was in the presence or absence of E2 ubiquitin-conjugating enzyme.
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Figure 4. Identification of a 9 amino acid region within Cdt2 conferring sensitivity to FBXO11-
mediated polyubiquitylation and degradation
(A) A schematic of the human Cdt2 protein and various Cdt2 C-terminal truncations
analyzed.
(B) A central fragment (amino acids 450–475) in human Cdt2 is required for FBXO11-
mediated degradation. Ectopic expression of Cdt2 (wt and mutants) ± FBXO11-1 in 293T
cells. Immunoblot of ectopic Cdt2. Low exposure (L. Exp.) of the lower immunoblot is also
shown for clarity.
(C) Sequence alignment of the central fragment of human Cdt2 (450–475) with Cdt2 from
the indicated species shows conservation of 9 amino acids (underlined). The two residues
mutated in the subsequent studies are shown in bold.
(D) D457 and S462 of Cdt2 are both required for degradation by FBXO11. U2OS cells
stably expressing wild type (wt) or mutated Cdt2 were transfected with indicated si-RNAs.
si-FBXO11-B and si-FBXO11-C (targeting different regions of FBXO11) stabilize wt-Cdt2
compared to si-GL2. This stabilization is not seen for Cdt2D457A or Cdt2S462A. Asterisk
represents a cross-reactive band in the anti-FBXO11 immunoblot. Loading control: β-Actin.
(E) Endogenous FBXO11 protein interacts with wt-Cdt2 or Cdt2D457A, but not with
Cdt2S462A. U2OS cells stably expressing indicated ectopic Flag-Cdt2 proteins. Lysates
(input) or anti-Flag immunoprecipitates of U2OS cells immunoblotted with anti-Cdt2 or
anti-FBXO11. Asterisk represents a cross-reactive band in the anti-FBXO11 immunoblot.
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Figure 5. Inactivation of FBXO11-mediated degradation of Cdt2 increases the turnover of the
Cdt2 substrates p21 and Set8
(A–E) Measurement of the half-life (t1/2) of various CRL4Cdt2 substrate proteins following
the depletion of FBXO11 from asynchronously proliferating U2OS cells cultured in 10% (A,
C) or 2% serum (D) or in U2OS cells cultured in 10% serum and irradiated with 30J/m2 UV
(B, E).
(A, B) Immunoblot of Cdt1, Set8 and p21 in extracts of U2OS cells cultured in 10% serum
and transfected with indicated siRNAs following CHX addition for the indicated hours (A),
or at the indicated time following UV irradiation (B). β-actin: loading control.
(C–E) t1/2 of p21, Set8 or Cdt1 in cells grown in 10% serum (C), 2% serum (D) or
following UV irradiation (E). (C and E) Quantitation of indicated proteins shown in (A and
B, respectively), normalized to β-actin and expressed relative to the 0 time point in each
case. (D) Same as (C), except U2OS cells were cultured in 2% serum for 24 hr prior to the
CHX addition. Western blots not shown. See also Figure S3.
(F, G) FBXO11-resistant Cdt2 proteins destabilize p21 and Set8. Quantitation of p21 (F)
and Set8 (G) proteins in extracts of U2OS cells stably expressing wt-Cdt2, Cdt2D457A or
Cdt2S462A from pMSCV-based retrovirus vectors. Values are normalized to those of β-actin
and expressed relative to the 0 time point when CHX is added.
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Figure 6. FBXO11 promotes the degradation of Cdt2 and the accumulation of p21 and Set8 and
downregulates P-Smad2 in TGF-beta treated epithelial cells
(A) Immunoblots of A549 lung epithelial cancer cells growing in 2% FBS and transfected
with si-GL2 or si-FBXO11-A. Cells were harvested at indicated times following TGF-beta
addition at 5 ng/ml. Lysates were immunoblotted with the indicated antibodies. A lighter
exposure of the P-Smad2 is shown for the FBXO11-depleted cells to demonstrate further
induction of the signal late in the time course.
(B–E) Similar to (A) except control A549 (pMSCV) or A549 cells stably expressing wt-
Cdt2 or Cdt2 proteins resistant to FBXO11 (Cdt2D457A and Cdt2S462A) were used.
Quantitation of the Set8 protein expression for this experiment is shown in Figure S4E. See
also Figure S4.
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Figure 7. FBXO11 promotes Set8-dependent migration of epithelial cancer cells through the
targeted degradation of Cdt2
(A) Representative images of scratch or wound healing assay showing the migration of
A549 cells transfected with si-GL2 or si-FBXO11. Cells migrate more efficiently in the
presence of FBXO11 as demonstrated 24 hrs following the scratch.
(B) Quantitation of the migration distance traveled (in micrometers) in si-GL2 or si-
FBXO11-trasnfected cells without or with TGF-beta for 48 hrs. Error bars represent the
average +/− SD from 12 independent scratches (three fields per scratch).
(C) Similar to (B) except that the analysis was performed on A549 cells growing in 2% or
10% serum concentrations. Error bars represent the average +/− SD from 12 independent
scratches (three fields per scratch).
(D) Similar to (B, C), but in control A549 cells (pMSCV) or in cells stably expressing wt-
Cdt2 or Cdt2 proteins resistant to degradation by FBXO11 (Cdt2D457A and Cdt2S462A). See
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also Figure S5. Error bars represent the average +/− SD from 12 independent scratches
(three fields per scratch).
(E, F) Set8 is required for the efficient migration of epithelial cells. (E) Immunoblot of
lysates from A549 cell lines from (D) infected with a second retrovirus expressing either wt-
Set8 or catalytically inactive Set8 (Set8R265G/D338A) to show the expression of the indicated
Set8 proteins. Anti-flag immunoblot shows the expression of ectopic Set8 proteins. Asterisk
represents a cross-reactive band in the anti-Set8 immunoblot. Loading control: tubulin. (F)
Similar to (D) except the analysis was performed in the indicated A549 cell lines as
described and shown in (E). Migration distance (in micrometers) was determined 48 hrs
following the initial scratches. Error bars represent the average +/− SD from 12 independent
scratches (three fields per scratch).
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